shown to inhibit net sodium and water reabsorption by the rat proximal tubule. The mechanism is unknown but might be the result of inhibition of the active sodium pump induced by changes in the interstitial fluid compartment of the kidney, or to enhanced passive backflux of sodium and water into the cell or directly into the tubular lumen. Since passive movement of solutes across epithelial membranes is determined in part by the permeability characteristics of the epithelium, an increase in the permeability of the proximal tubule during venous constriction would suggest that enhanced passive flux is involved in the inhibition of reabsorption. In the present experiments, isolated segments of rat proximal convoluted tubules were microperfused in vivo with saline while the animals were receiving '4C-labeled sucrose intravenously. In normal control animals, no sucrose was detected in the majority of the collected tubular perfusates. In rats with renal vein constriction (RVC), however, sucrose consistently appeared in the tubular perfusates. The rate of inflow of sucrose correlated with the length of the perfused segment, estimated by fractional water reabsorption. In another group of animals with renal vein constriction, inulin-"C was given intravenously and the proximal tubules similarly microperfused. Inulin did not appear in the majority of collected perfusates in these animals.
INTRODUCTION
A number of recent experimental observations have sug- gested that renal sodium reabsorption may be regulated in part by colloid oncotic and hydrostatic pressures within the peritubular capillaries (1) (2) (3) (4) (5) (6) (7) . The mechanism by which these physical forces acting in the vascular system influence sodium transfer by the tubular epithelium is unknown, but it has been postulated that the rate of uptake of the tubular reabsorbate by the capillaries may have an effect on the active sodium transport system, or may determine the rate of passive backdiffusion of sodium and water into the tubular cells or lumen (4, 7) .
In order to study this problem, we have examined the permeability of the rat proximal tubule to sucrose and inulin (taken as extracellular labels) during renal vein constriction, an experimental condition shown by Lewy and Windhager (4) to markedly inhibit net sodium and water reabsorption. Segments of rat proximal tubules isolated by oil blocks were perfused in vivo with isotonic saline while trace amounts of either "4C-labeled sucrose or inulin were being infused intravenously. The collected perfusates were analyzed by liquid scintillation counting for influx of the molecules. In 19 of 21 perfusions in normal control animals, no sucrose was detected in the collected perfusates. In rats with constriction of the renal vein, however, sucrose consistently appeared in the collected perfusates, the amount increasing with the length of the perfused segment, as estimated by fractional water reabsorption. Inulin-'4C did not appear in the majority of the collected perfusates of rats with RVC.1 These observations demonstrate that the permeability of the proximal epithelium to sucrose increases during renal vein constriction. Since transepithelial passive flux is determined in part by the permeability characteristics of the epithelium, the observations are consistent with the view that increased back-flux of sodium and water via 1 Abbreviations used in this paper: CP, collected perfu-an extracellular route contributes to the inhibition of proximal reabsorption in this experimental condition. METHODS Male white rats weighing 210-300 g were anesthetized with Inactin, tracheotomized, and placed on a heated animal table. The left external jugular vein was cannulated with PE 50 polyethylene tubing and an infusion of Ringer's lactate solution containing trace amounts of either 14C-labeled sucrose 2or inulin 2 (0.4-0.8 ,uCi/min) was administered continuously at a rate of 0.05 ml/min. A carotid artery was also cannulated with PE 50 tubing for continuous recording of blood pressure by a Statham strain gauge (Model P 23 Dc) and Grass polygraph (Model 5D) (Grass Instrument Co., Quincy, Mass.). The left kidney was exposed through a lateral abdominal incision, dissected free of perirenal fat tissue, and immobilized with silicone grease in a plastic cup. The surface of the kidney was bathed with continuously flowing mineral oil warmed to 380C and was illuminated with a fiber optic system. Rectal temperature was monitored with a thermistor and a tele-thermometer (Yellow Springs Instrument Co., Yellow Springs, Ohio) and the heat of the animal table adjusted to maintain body temperature at 37°-380 C. Timed urine collections were obtained from the left renal pelvis via a PE 50 catheter, and periodic blood samples were obtained in heparinized capillary tubes from the cut tail. A larger volume of blood was obtained from the aorta at the end of the experiment.
In the first series of 12 experiments (five normal control animals and seven animals in which the vein of the left kidney was constricted with a seraphine clamp) sucrose-14C was given intravenously. The criteria used to determine the adequacy of the venous clamping procedure were those described by Lewy and Windhager (4) ; discoloration of the kidney was avoided, but the clamp was tightened enough to produce visible slowing of blood flow in the surface capillaries and an over-all increase in the size of the kidney. Proximal tubular hydrostatic pressure was measured with a micropipet (8) , and the venous clamp adjusted until intratubular pressure rose 6 mm Hg or more above the normal level of 12 mm Hg. Increased formation of fluid on the surface of the kidney was noted in these animals, which collected beneath the mineral oil. In order to minimize this potential source of contamination, a cotton wick was placed along the edge of the kidney to continuously drain off the surface fluid.
Perfusion of surface proximal convoluted tubules was carried out with a micropipet held in a micromanipulator and connected by thick-walled PE 20 tubing to a 10 ,A Hamilton syringe mounted on a Sage pump (Model 255-2). The Hamilton syringe was filled with mineral oil and polyethylene tubing and micropipet with NaCl, 154 mmoles/liter, to which Lissamine green was added in a concentration of 0.2%o. The osmolality of this fluid was 314 mOsm/kg. In in vitro calibration tests, the delivery of the perfusion system was found to be linear with pump settings between 10 and 50 nl/min and highly reproducible. The pump was set to deliver 25 nl/min, and once turned on, was kept running until the end of the experiment. Individual surface proximal tubules were perfused as follows. A long curved proximal tubular convolution on the surface of the kidney was selected and the perfusion pipet inserted at the mid-point of the convolution. The direction of free flow was determined by the color of the Lissamine green on each side of the pipet, and the 'New England Nuclear, Boston, Mass.
number of more distal convolutions appearing on the surface was observed. If the tubule was judged satisfactory for perfusion, a long column (at least 5 tubule diameters) of heavy castor oil colored with Sudan black was injected with a second (collecting) micropipet into the tubule proximal to the perfusion pipet. The collecting pipet was then withdrawn and repeatedly thrust into the same segment in order to make multiple holes to allow fluid coming from the glomerulus to leak out onto the surface of the kidney. Perfusion of the tubule distal to the proximal oil block was continued for 1-2 min in order to wash out residual radioactive material in the lumen. The collecting pipet was then inserted into the perfused convolution farthest from the perfusion pipet, a long column of oil was injected quickly and allowed to flow distally, and collection of the perfusate started by adjustment of pressure applied to the collecting pipet. The period of collection was timed with a stopwatch. Almost all of the collections were between 3 and 6 min. Care was taken to collect at a rate which maintained the proximal and distal oil blocks in a constant position, and which did not cause distention or collapse of the perfused convolutions. At the end of each collection, the collecting pipet was withdrawn rapidly into the layer of overlying mineral oil, in order to avoid contamination from surface fluid, and the tip of the pipet was sealed by drawing in mineral oil. At the end of the experiment, the collected perfusates, plasma, and urine samples were transferred to a constant-bore capillary tube under microscopic visualization and the volume of sample determined with an eyepiece micrometer (9) . The samples were washed out of the capillary tube with water into counting vials containing 10 ml of either a dioxane mixture (10) to which 0.5 ml of Triton X-100 had been added or Scintisol (Isolab Inc., Elkhart, Ind.). A blank vial was made up at the end of each experiment by transferring a volume of the perfusion fluid remaining in the perfusion pipet to the constant bore capillary tube and then into a counting vial. All samples were counted for '4C in a Nuclear Chicago liquid scintillation counter. In a second series of eight experiments (two controls and six renal vein constriction), the methods were the same as for the first group, except that methoxy inulin-3H 2 was added to the perfusion fluid in trace amounts in order to determine individual perfusion rates in vivo and to calculate per cent water reabsorption of the perfusate. In these experiments, the carbon channel of the liquid scintillation counter was set to exclude tritium. Because the tritium counts in each collected perfusate were always several hundred times greater than the`4C counts, the spillover of`4C into the 3H channel was ignored. In vivo perfusion rates were calculated from the expression:
Collected/injected [3H] X collection rate.
(1) Per cent reabsorption was calculated from:
All of the collected perfusates were counted for 100-200 min each (five iterations), and the difference between the carbon counts of the sample and the perfusion fluid blank was tested for statistical significance by Student's t test. The rate of movement of sucrose-14C into the tubular lumen, expressed as cpm/minutes of collection, was normalized for differences in plasma sucrose levels by dividing by the plasma water`4C concentration at the mid-point of the collection period. The resultant equation is:
CP cpm/min PW cpm/nI=l/i (3) Permeability of the Rat Proximal Tubule to Sucrose 295 where CP is the collected perfusate and PW is the plasma water. This expression has the dimensions of a clearance (nl/min) and represents the volume of peritubular capillary plasma cleared of sucrose-14C per minute. As with other clearance expressions, no specific mechanism of transfer of sucrose into the tubular lumen is implied.
In a third group of three animals, the left renal vein was constricted as described above while the animals received inulin-"C intravenously at 0.8 ,uCi/min. Surface proximal tubules were microperfused with isotonic saline containing methoxy inulin-5H and the collected perfusates were counted for both 14C and 'H radioactivity as in the preceding group of experiments. Stringent precautions were taken to avoid contamination of the perfusates. In spite of this, however, some samples were inadvertently contaminated. We assumed that collected perfusates in which the 1IC concentration was higher than that in the plasma, or in which the 'H concentration was lower than in the injected perfusion fluid were grossly contaminated, and we discarded such samples. On the basis of these criteria, 13 samples were discarded out of a total of 91 perfusions.
In all experiments, plasma osmolality was measured in the sample of blood collected from the aorta at the end of the experiment, using a Precision Osmometer, Model 
RESULTS
The clearance data for the experimental kidney i'i the 20 animals given sucrose intravenously are summarized in Table I . As can be seen, renal vein constriction reduced sucrose clearance by about 65%. Urine flow and UNaV, however, fell only slightly, the difference from the control group being not statistically significant. The excreted fraction of filtered sodium, EFia, showed a tendency to rise, but the difference from the control animals was not significant at the 0.05 level. These observations are similar to those made by Lewy and Windhager (4) , and suggest that the degree of renal vein constriction in our animals was of the same order of magnitude as in their study. Plasma osmolality was approximately the same in the two groups of animals and was close to that of the injected perfusion fluid, i.e. 314 mOsm/kg.
In Table II are presented the microperfusion data for the five normal control animals in the first series of experiment. As can be seen, in 11 out of 13 perfusions of surface proximal tubules, the radioactivity of the collected perfusates was not significantly different from that of the blank. Two samples in this group of animals, not shown in the table, were found to have significant '4C counts but were considered to be grossly contaminated on the basis of the criteria outlined under Methods, and were excluded. Two other samples, shown in Table  II , had counts significantly above background but could not be excluded. These observations indicate that in the majority of the perfusions, the proximal and distal oil blocks adequately prevented contamination from free-flow tubular fluid. Table III presents the microperfusion data for the seven animals in the first series of experiments with constriction of the left renal vein. In sharp contrast to the observations in the control animals, sucrose-'4C was found in all of 24 collected perfusates. Five of these perfusions were excluded as grossly contaminated, and the remaining 19 are shown in Table III . As can be seen, the difference between the experimental and control animals cannot be accounted for by differences in the time of perfusion or the volume of the collected perfusate, since these were almost identical in the two groups. The average concentration of sucrose-'4C in plasma water was higher in the experimental animals than in the controls, but there was considerable overlap and in many instances the values were within the same range in the two groups. The average clearance of sucrose from the peritubular capillaries calculated in the last column was 2.61 nl/min. Although the usual sources of contamination seemed to have been ruled out in the control group of animals, it is possible that the perfusates in the animals with venous constriction might be more prone to contamination because of the increased hydrostatic pressure within the tubular lumen and interstitial compartment, and because of increased amounts of surface fluid. Higher intratubular pressure might lead to a greater tendency of free-flow tubular fluid to leak around the oil blocks, and higher interstitial pressure might cause fluid to enter the perfused segments around the two pipets. Because of these possible sources of error, a second series of experiments was carried out in which sucrose influx was correlated with an estimate of the length of the perfused segment. For this purpose, inulin-'H was added to the injected perfusion fluid and the per cent reabsorption of the perfusion fluid determined from injected/collected 'H ratios. The results of a single experiment are shown in detail in Table IV , and those for all eight experiments in this group in Table V and Fig. 1 . No perfusions in the two control animals were excluded, but 6 out of 30 perfusions were excluded in the experimental group because of gross contamination.
The perfusion rate in vivo for this group of animals, calculated from equation 1, was found to be 17.3 nl/min (±1.4 SE), a value lower than the 25 nl/min determined by in vitro calibration of the perfusion system. The reason for this difference is not entirely clear but may be due to partial plugging of the perfusion pipet tip by renal tissue or to occasional touching of the pipet tip against the side of the tubule.
As shown by the individual perfusion data in Table V and the corresponding linear regression lines plotted in Fig. 1 , the clearance of sucrose-14C by the proximal tubules increased with increasing values of fractional reabsorption. As a group, the tubular clearance of sucrose in these animals was slightly lower than in the animals shown in Table III In the four collected perfusates with some detectable radioactivity, the differences in counts between the samples and blank were significant only at the 0.02-0.05 level, and the cpm were much lower than was found in the animals given sucrose-"C intravenously.
DISCUSSION
The present observations suggest that under control conditions, the proximal tubule epithelium of the rat is relatively impermeable to sucrose. In 19 out of 21 microperfusions in normal animals, no "C-labeled sucrose was detected in the perfusates of the proximal tubule at a time when easily detectable amounts were present in the plasma. Because of the limitations of the methods of liquid scintillation counting, it is possible that very small amounts of sucrose did cross the proximal epithelium of the normal rats but could not be measured. In sharp contrast, in the animals with constriction of the renal vein of the experimental kidney, significant quantities of sucrose-'C were found in 42 out of 43 collected perfusates. It seems unlikely that the difference between the control and experimental animals could have been due to technical errors. First, the fact that no radioactivity was found in the majority of the samples from the normal animals indicates that ordinary sources of contamination, such as free-flow tubular fluid seeping around the oil blocks into the perfused segments or surface fluid entering the collecting pipet, were effectively eliminated. Although the risk of contamination seems to have been greater in the experimental animals, the data shown in Tables IV and V and in Fig. 1 clearly demonstrate a correlation between the rate of sucrose entry into the lumen and the length of the perfused segment, as estimated by fractional reabsorption. Contamination of the perfusate would not be expected to show such a relationship. Furthermore, the experiments in which inulin-"C was given intravenously, shown in Table VI , lend additional support to the validity of the sucrose observations. Leakage of fluid into the perfused segment from around the oil blocks or from tears in the epithelium would result in as much inulin being present in the perfused segments as was found in the sucrose experiments. As can be seen from Table  VI , however, only 4 out of 14 collected perfusates showed any detectable amounts of inulin, and in these the level of radioactivity was only barely above background. Furthermore, there was no apparent relationship between the length of the perfused segment and the appearance of inulin in these animals. These considerations lead us to conclude that the observations with sucrose were the result of a physiological increase in the permeability of the epithelium related to renal vein constriction.
Sucrose is generally considered not to diffuse across plasma membranes (12) , and to our knowledge no active transport mechanism for sucrose has been described. It therefore seems reasonable to assume that, whatever the precise mechanism for the movement of sucrose into the tubular lumen in the RVC rats, the pathway was extracellular and the influx was passive. Two possible extracellular pathways can be considered. Bentzel, Parsa, and Hare (13) found that the cells of the proximal tubule of necturus kidney show increased vacuolization during osmotically induced flow from the peritubular blood into the lumen. They suggested that a pathway for influx of fluid under these experimental conditions is via formation of pinocytotic vacuoles at the basal membrane of the cells and transfer of the vacuoles to the tubular lumen.
It seems unlikely that such a mechanism could account for the increased influx of sucrose observed in the present experiments, since no osmotic gradient was present to stimulate vacuole formation. Moreover, transfer of fluid by pinocytotic vacuoles would result in the transfer of inulin from the interstitial space into the lumen as readily as sucrose. Such was not observed. A second extracellular pathway might have been via the lateral interspaces between the epithelial cells and through the tight junction at the apical end of these interspaces (14) . A number of recent observations have suggested that the lateral interspaces might provide an important site for passive movement of water (15) and ions (7, 14, 16, 17) across the renal tubules as well as other epithelial membranes (18) (19) (20) (21) (22) (23) . Windhager, Boulpaep, and Giebisch (17) found that an extracellular electrical shunt of low resistance exists across the necturus proximal tubule, and Giebisch (14) has proposed a cell model in which the lateral intercellular spaces and the tight junction constitute the anatomical pathway for this electrical shunt. In view of these observations and the anatomical structure of the epithelium it seems reasonable calculated linear regression lines (least to assume that the most likely route of entry of the sucrose into the tubular lumen in the present expiremnts was via the lateral interspaces.
The precise mechanism for the entry of sucrose into the lumen during renal vein constriction is not certain, but most likely was that of passive diffusion down a concentration gradient. The observations are consistent with the view that the pore size of a limiting membrane in the region of the tight junction had enlarged enough to admit sucrose molecules but not enough to admit inulin. It is theoretically possible that the pore size of a membrane might increase by the coalescence of smaller pores, thus allowing large molecules which had previously been excluded to pass through the membrane without changing the over-all area available for diffusion of smaller, normally unrestricted molecules and water. If this were the case, the increased permeability to sucrose might have occurred without any accompanying increase in the permeability to sodium and water. Under such circumistances, the present experimental observations would not relate to the inhibition of sodium and water reabsorption induced by renal vein constriction. Although this possibility cannot be excluded, studies on changes in membrane permeability induced by hypertonic solutions have indicated that when the permeability of the renal tubules or other epithelial membranes is increased to extracellular solutes, the permeability to sodium and water also increases (17) (18) (19) 23) . Also in saline-loaded necturus, droplets of isotonic raffinose (mol wt 594) injected into the proximal tubular lumen show an accelerated rate of expansion followed by accelerated contraction, as compared with hydropenic control animals (24) . The expansion phase is due to the influx of salt and water, whereas the contraction phase is due to absorption of raffinose and water. Thus, saline loading apparently increases the permeability of the necturus tubule to sodium and water as well as to raffinose.
If the increase in permeability of the proximal tubule to sucrose in the RVC rats was accompanied by an increased permeability to sodium and water, enhanced passive back-diffusion of sodium and water into the tubular lumen might be expected. It has been proposed by Diamond and Bossert (25) that a hypertonic salt solution is generated near the apical end of the lateral interspaces due to active sodium transport into this space, and some recent experimental observations by Machen and Diamond (26) conceived of as providing a mechanism for movement of sodium in the direction of reabsorption (toward the basal surface of the cell), it seems reasonable that it might also be involved in determining back-diffusion of sodium into the lumen under appropriate conditions of permeability. The reduction in net sodium reabsorption by the proximal tubule observed during renal vein constriction I Permeability of the Rat Proximal Tubule to Sucrose might thus be the result of an increase in passive backdiffusion of sodium down a concentration gradient from the lateral interspaces into the lumen due to an increase in the permeability of the tight junction to sodium. Although this might be the entire explanation, the present observations do not exclude the possibility that RVC in some way inhibits the active sodium pump mechanism. Further studies are indicated to elucidate this question and the mechanism by which RVC alters the permeability of the tubular epithelium.
